We provide a combined explanation of the increasingly tantalizing B-meson anomalies, both in R K ( * ) and R D ( * ) , in the Pati-Salam model with minimal matter content. This wellknown model, based on the gauge group SU (4) LC × SU (2) L × SU (2) R , naturally contains a variety of scalar leptoquarks with related and restricted couplings. In particular we show that the seesaw-motivated scalar leptoquark within the representation (10, 3, 1) and its righthanded parity partner (10, 1, 3) can solve both anomalies while making testable predictions for related observables such as B → Kνν and B → Kµτ . The solution of the R K ( * ) anomaly alone can be related to a type-II seesaw neutrino mass structure. Explaining also R D ( * ) requires the existence of a light right-handed neutrino, which constrains the UV structure of the model.
I. INTRODUCTION
In the last few years various hints for new physics manifesting itself in lepton flavour universality violation (LFUV) in semileptonic B-meson decays have been reported. Several experimental results by different collaborations point at an increasingly coherent picture.
A first set of anomalies involves the charged-current transition b → cτ ν, with LFUV between the τ and the other charged leptons in the decay B → D ( * ) ν, as parametrized by the double ratio R D ( * ) with respect to the Standard Model (SM) prediction. This observable has been measured by the BaBar [1, 2], Belle [3] [4] [5] , and LHCb [6-8] collaborations and is found to be consistently above the SM predictions. Global fits [9] give a combined statistical evidence at the ∼ 4σ level. A second set of anomalies appears in the neutral-current transition b → sµµ, with hints for LFUV in the decays B → K ( * ) [10, 11] , parametrized by the double ratio R K ( * ) between the µ and e channels, relative to the SM. This is further corroborated by a deviation measured in the angular distribution of the process B → K * µ + µ − [12, 13] , for which the theoretical SM prediction is however still debated. Again, global fits give a deviation from the SM at the ∼ 4σ level or even higher (see e.g. Refs. [14] [15] [16] [17] ).
Finding combined explanations in terms of physics beyond the SM is far from trivial, mainly because of the large new-physics effects needed to explain R D ( * ) that have to compete with the treelevel SM contribution. The effective-field-theory (EFT) scale involved is rather low at Λ 3.4 TeV, and therefore a number of related observables pose stringent constraints; one of the most important observables here is B → Kνν because the involved quark-level transition b → sνν is often related to the same new physics that contributes to the anomalous b → cτ ν by SU (2) L invariance. Explaining R K ( * ) by itself is instead much easier since the EFT scale involved is Λ 31 TeV. At the level of simplified models, combined explanations for R K ( * ) and R D ( * ) involving only left-handed new physics [18] make use of a single vector leptoquark (LQ) U µ with SM (SU (3) C , SU (2) L ) U (1) Y quantum numbers (3, 1) 2/3 , since this particle does not contribute to B → Kνν. With more than one new multiplet one can for example consider the combination of the scalar LQs S 1 = (3, 1) 1/3 and S 3 = (3, 3) 1/3 , both with left-handed couplings, which can interfere destructively in the dangerous observables [18, 19] . Alternatively, simplified models explaining the charged-current anomaly by right-handed new physics by introducing a light right-handed neutrino that plays the role of the active ones in R D ( * ) typically do not run into problems with B → Kνν [20] [21] [22] [23] because b → sνν is no longer the SU (2) L conjugate of the anomalous transition.
Recently, more and more effort has been put attempting to go beyond simplified models and consider instead full models for the combined explanation of both sets of anomalies. In this respect, lepton-colour unification as given by the Pati-Salam (PS) symmetry SU (4) LC × SU (2) L × SU (2) R has received a lot of attention because this is arguably the most natural framework to embed LQs in a complete model. 1 The obvious choice is to try to explain the anomalies with the vector LQ U µ [26] , since it is contained in the set of PS gauge bosons. However, since the anomalies point at new physics in the TeV range, such a light PS gauge boson would conflict with experiments involving first-generation fermions, for instance K L → e ± µ ∓ , which exclude PS scales lower than ∼ 1000 TeV [27] [28] [29] [30] . A number of modifications to the PS model have been suggested to circumvent this problem, in particular by suppressing the coupling of the gauge boson U µ to the first generation in different ways: i) introducing many vector-like fermions that mix with the SM ones and generate flavour-dependent gauge couplings [31, 32] , ii) placing the PS symmetry in a Randall-Sundrum background to suppress the dangerous observables by a conveniently chosen localization in the extra dimension [33] , iii) introducing three copies of the PS symmetry, one for each generation [34] , iv) giving up the gauge character of the PS symmetry by considering it as a global symmetry of a strongly-interacting theory [35] , which can also relate the B-meson anomalies to a possible solution of the gauge hierarchy problem.
While these are all perfectly viable possibilities, each with its own advantages, they often involve ad-hoc modifications of the Pati-Salam framework. This is mainly due to the usage of the vector LQ to explain the anomalies. However, the PS model also naturally contains scalar LQs, which have flavour-dependent couplings; the first-generation LQ couplings can therefore be relatively suppressed without any model-building effort. The PS model is typically (but not necessarily) supplemented by a left-right exchange symmetry, often in the form of parity. In this case, as we are going to show in this work, a single representation of the parity-symmetric PS group,
typically already present in the PS model with minimal matter content, is sufficient to explain both sets of anomalies, basically without any tension with other observables. This representation contains two scalar LQs that can be used to explain the anomalies, one with left-handed and one with right-handed couplings. However, it is far from trivial that a successful explanation is possible, because the PS symmetry restricts the structure of the couplings (quarks and leptons have the same couplings), parity makes the left-handed and right-handed ones equal, and their different chirality forbids them from interfering. The required suppression of B → Kνν can therefore not be achieved by the destructive interference between several LQs, as discussed above, but instead requires one of the right-handed neutrinos to be light with a particular mixing pattern. The plan of the paper is the following: in Sec. II we introduce the PS model with minimal matter content, and discuss the restrictions on the couplings posed by its symmetries. In Sec. III we show that explaining the neutral-current anomalies alone can be related to a type-II seesaw mass structure for the active neutrinos, leading to testable predictions. We then move to the combined explanation, by first discussing the model-building challenges involved in Sec. IV and then presenting the combined explanation, together with its phenomenological predictions, in Sec. V. We finally conclude in Sec. VI and report the details of the fits for the explanations of the anomalies in App. A and B.
II. PATI-SALAM MODEL
The Pati-Salam model is based on the gauge group SU (4) LC × SU (2) L × SU (2) R [36] , where colour and lepton number are unified in a single SU (4) LC factor. The PS group is eventually broken to the SM gauge group SU (3) C × SU (2) L × U (1) Y , for which we define the hypercharge
L . The SM fermions (plus right-handed neutrinos) are minimally unified in the following PS representations,
for the Dirac mass matrices of down quarks with charged leptons, and up quarks with Dirac neutrinos. The latter relation will be broken by the seesaw mechanism, as discussed below, leaving m d = m as a PS prediction. Taking into account that these relations hold at the potentially high PS scale and that renormalization-group running strongly affects quarks, this is a potentially viable relation [37] . Keeping also the φ 15 vacuum expectation values (VEVs) allows one to break the relation of Eq. (7) at tree level and generate arbitrary masses for all fermions. Since the bottom-tau unification seems to be a good approximation at least, we will assume that the φ 15 VEVs only lead to small perturbations. As a result, the diagonalization of the mass matrices will be approximately the same for quarks and leptons, so diagonalization will proceed through
where we chose to pick the down-quark and charged-lepton basis without loss of generality. V L is the usual unitary Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix and V R the right-handed analogue, which is physical due to the additional interactions beyond the SM. Imposing furthermore parity P on our theory, i.e. f L ↔ f R , leads to a relation between the two mixing matrices, approximately setting them equal if we ignore phases: V R V L [38, 39] . We will mostly employ the above relations in the following, but it should be kept in mind that these are very strong assumptions that could easily be loosened. Using generalized charge conjugation C instead of parity will lead to qualitatively similar results and will not be discussed further.
We still need additional scalars to break PS to the SM and ideally also for neutrino mass generation. A common choice to accomplish both tasks is given by
∆ R ∼ (10, 1, 3) → (6, 1)
where δ 1 has the right quantum numbers for PS breaking and to generate Majorana masses for N R . As discussed below, the left-handed triplet VEV δ 3 can generate type-II seesaw [40] [41] [42] masses for ν L and is restricted to be below GeV from electroweak precision data [43] . Note that the bar and the tilde are part of the LQ names and do not denote charge conjugation. Also notice that, as will be detailed below, these representations do not lead to dangerous proton decay [44] .
We have the Yukawa Lagrangian in the flavour basis, suppressing all indices,
y L,R are symmetric coupling matrices in flavour space, which is a true PS prediction. For instance, PS symmetry restricts the coupling of S 3 to a b quark and µ to be the same as to an s quark and τ ; this has a large impact on the explanations of the anomalies and the related phenomenological predictions, as will be clear in the next sections. Expanded, the couplings read
using some Fierz identities and the fact that y L is symmetric. In the last line we give the couplings of the S 3 components S Q 3 in the quark mass basis, where the superscript Q denotes the electric charge. For the right-handed fermions in their mass basis one finds
We will be particularly interested in the couplings of the LQ S 1 , given in the second line. Parity P would exchange Ψ L ↔ Ψ R and ∆ L ↔ ∆ R and thus impose y L = y R and V L = V R . Although renormalization-group running will spoil this equality at the B-meson anomalies scale, we will neglect this effect and work with the relation y ≡ y L = y R in the following. Again, it should be kept in mind that this is is a very constraining assumption that does not need to hold true, but we enforce it to maximize the predictivity of the framework. One of the most interesting features of PS is the very existence of LQs, which we have already used in the naming scheme above. We can identify the following scalar LQs within ∆ X in their common notation [45, 46] . 2 The PS origin of the S j LQs gives rise to many restrictions compared to naive SM extensions by S j . For one, parity predicts right-handed partners to left-handed LQs. In particular, S 3 has a parity partner in the right-handed triplet (S 1 ,S 1 , S 1 ). Below, we will use S 3 and S 1 to explain the Bmeson anomalies. While this may look at first sight analogous to other existing approaches in the literature where scalar LQs with the same quantum numbers are used [18, 19] , our explanation to the B-meson anomalies is very different; our S 1 is forced to have purely right-handed couplings and therefore cannot be used for a destructive interference with S 3 in B → Kνν in order to suppress this channel. We will see that it is still possible to explain both R K ( * ) and R D ( * ) by invoking a light right-handed neutrino, similar to Refs. [20] [21] [22] [23] .
Notice that the S j here are pure LQs without any di-quark couplings, as enforced by the PS symmetry. This has the immediate consequence that the above Yukawa couplings will not lead to proton decay, a welcome feature that is usually enforced by imposing rather ad-hoc baryon [46, 48] or lepton-flavour symmetries [49] . Furthermore, the S j LQs here are purely chiral, every LQ only couples to one fermion chirality. This is again a welcome feature as it automatically leads to a chirality suppression in many rare decays and softens many constraints.
In Sec. III we will assume that the PS breaking to the SM is given entirely by δ 1 , which also induces right-handed neutrino masses. If this is the only PS-breaking VEV, it needs to be above ∼ 1000 TeV to satisfy constraints on K L → e ± µ ∓ induced by the heavy coloured PS gauge boson [27] [28] [29] [30] . However, the key point of this work is that some of the PS scalars can be lighter than this scale. 3 Quartic couplings such as Tr{∆ X ∆ X ∆ R ∆ R } will induce a mass splitting within the ∆ X multiplet proportional to δ 1 . This makes it possible to have e.g. S 1 at ∼ TeV butS 1 and S 1 at a higher scale, so that we do not have to take their phenomenology into account in the analysis below. We will assume for the most part that S 3 is around 10 TeV and S 1 around 1 TeV in order to address R K ( * ) and R D ( * ) , respectively, while all other scalars are heavy enough to be ignored.
III. NEUTRINO MASSES AND R K ( * )
Assuming that δ 1 is the only PS-breaking VEV, our PS setup brings both type I and II seesaw contributions to the light Majorana neutrino masses, similar to standard left-right models [50] :
using Eq. (7) and the fact that the Dirac matrices are real and diagonal. Diagonalizing 
allows us to predict the flavour structure of the coupling matrices y L = y R using the measured neutrino masses and mixing angles (taken from Ref. [51] ). The neutral-current B-meson anomalies can all be explained by a new-physics Wilson-coefficient contribution ∆C 9 = −∆C 10 −0.61 ± 0.12 [14] to the effective-Hamiltonian operator
where α is the fine-structure constant and v 246 GeV the electroweak VEV, both used purely for normalization. It is well-known that this can be generated by the LQ S 3 ∈ (10, 3, 1) as
with Re(∆C 9 ) ! −0.61 ± 0.12. In principle, a successful contribution can be easily realized with
. However, the PS symmetry and the neutrino oscillation data pose stringent constraints on the structure of the couplings. Therefore, in this section we will aim at explaining R K ( * ) in relation to the neutrino mass structure.
A combined explanation of also the charged-current anomaly R D ( * ) is more involved and cannot be related directly to the neutrino mass structure. Hence, this will be postponed to the next sections.
Observable Best fit Pull/bound ∆C 9 = −∆C 10 −0.62 −0.1σ
6.9 × 10 −13 GeV   TABLE I : Results of the fit for the neutral-current anomalies and type-II neutrino masses, fixing the type-II seesaw VEV δ 3 = 50 meV.
A. Type II dominance
The flavour structure of the couplings can be determined by Eq. (14), under the assumptions discussed above, especially if one of the two terms dominate. Let us consider first the case in which the type-II seesaw contribution M II ν dominates, for instance because δ 1 is around the GUT scale. Then, Eq. (14) gives
where U (V L ) is the standard PMNS (CKM) mixing matrix. Since we know the right-hand side with the exception of the phases within U and the overall neutrino mass scale m ν 1 , we can predict the flavour structure of y L rather well. Assuming normal mass ordering with vanishing lightest neutrino mass m ν 1 0 as well as vanishing PMNS phases, the flavour structure is simply 
setting all other neutrino [51] and CKM parameters to their best-fit values. For S 3 in the O(30 TeV) range we can easily fit R K ( * ) ; however, the small but non-zero couplings to first generation fermions (both quarks and leptons due to the PS symmetry) give important constraints that need to be satisfied, in particular lepton flavour violation (LFV). The most stringent observable turns out to be µ → e conversion in nuclei, because of the first and second-generation couplings to both leptons and the quarks in the nucleons. The relevant branching ratio in Au 197 79 is given approximately by [46] 
which has to be smaller than 7 × 10 −13 at 90% C.L. [52] . The full expressions for this and the other relevant observables are given in Appendix A. We see that the coupling y L 11 needs to be suppressed by a factor ∼ 14 with respect to the estimate of Eq. (19) . This can be achieved by a moderate tuning of the phases in the PMNS matrix together with m ν 1 , in complete analogy to texture zeros in the neutrino mass matrix [53] . In this way, one can relate the explanation of R K ( * ) with information on the unknown parameters in the neutrino sector, most importantly the lightest neutrino mass m ν 1 and the Dirac CP phase δ.
We perform a global fit including the most constraining observables discussed above together with other relevant ones involving first-generation fermions, detailed in Appendix A. The results of the fit are given in Table I . The value of M S 3 needed to explain R K ( * ) depends of course on the absolute scale of the Yukawa matrix, which in turn depends on the unknown VEV δ 3 . Therefore, we cannot be particularly predictive on the scale of M S 3 apart from the usual model-independent considerations based on perturbativity/unitarity [54] . Instead, a successful fit constrains the unknown neutrino-mass parameters, as discussed above. We show the two-dimensional correlation between m ν 1 and δ in Fig. 1 . We note that the 1σ region for δ marginally overlaps with the 1σ range δ/π −0.7
+0.24
−0.17 suggested by oscillation experiments [14] . Considering the small number of free parameters it is remarkable that the Ansatz of Eq. (18) can indeed be used to resolve R K ( * ) . Ongoing and upcoming experimental efforts to significantly improve the limits on muonic LFV in µ to e conversion (Mu2e [? ], COMET [? ]), µ → 3e (Mu3e [? ]), and µ → eγ (MEG-II [? ]) will conclusively test this scenario, seeing as it is impossible to suppress all these observables much further.
B. Type I dominance
Similarly to the above discussion, we can assume type-I dominance, i.e. M II ν M I ν , for example because of a tiny δ 3 . In this case the coupling structure takes the form
Assuming once again normal ordering, vanishing PMNS phases and tiny m ν 1 m ν 2 , as well as
The relative sign between y R 22 and y R 23 implies a wrong-sign contribution to the neutral-current anomaly (cf. (17)). Taking into account non-zero m ν 1 and PMNS phases δ, α, β does not change this, making it impossible to explain R K ( * ) using our very restricted model. Taking into account that the general structure of the right-handed CKM-like matrix V R is given by [38] 
where the 5 extra phases ω i are arbitrary or multiple of π according to the discrete symmetry of the model, these phases ω i can help in obtaining a correct contribution to ∆C 9 , as shown in Fig. 2 . However, even if one allows for these extra phases and makes use of the various phases to tune y 11 small in order to suppress µ → e conversion, the coupling structure in (22) does not seem to be successful for the following reason: the 22 and 23 entries, which are the ones that generate ∆C 9 , are very suppressed with respect to y 33 . Fitting the anomaly with M S 3 1 TeV then requires y 33 3; even neglecting possible concerns with perturbativity, this large coupling, together with y 23 , would generate a too large contribution to other observables, such B → Kνν for instance (see also the discussion in the next section). Making use of the various phases does not seem to improve the situation significantly. Therefore, we do not follow this type-I dominance option any further, and instead move to combined explanations of both neutral-current and charged-current anomalies.
We have seen that type-II dominance is compatible with the coupling structure required for R K ( * ) , whereas the type-I contribution is not, at least in the rather stringent PS model with parity considered here. The general case of M II ν ∼ M I ν introduces more freedom [50] and will be considered elsewhere in its full extent. We stress again that it is a rather unique feature of PS that allows us to relate LQ couplings to the neutrino mass structure.
IV. MODEL-BUILDING CHALLENGES FOR COMBINED EXPLANATIONS
Explaining both sets of anomalies is known to be significantly more challenging than the ones in b → sµµ alone, essentially because of the low EFT scale Λ 3.4 TeV implied by the charged-current anomalies, as compared to Λ 31 TeV for the neutral-current ones.
A first possibility would be to try to explain both sets of anomalies by using the vector LQ U µ = (3, 1) 2/3 , present in the adjoint representation of the PS group. One would like to identify this LQ as a PS gauge boson [26] . However, this does not work [32] , at least in the minimal case, because U µ , being a gauge boson, would couple with equal strength also to light quarks, and is thus required to be heavier than ∼ 1000 TeV from the non-observation of new physics in K L → e ± µ ∓ , for instance. To circumvent this problem, it has been proposed to generate flavourdependent couplings to U µ by introducing many vector-like fermions, charged under PS, that mix with the SM quarks [31] possibly extending the gauge group breaking the lepton-colour unification in SU (4) LC [32] . A more radical alternative is to consider flavour copies of the PS group (PS 3 ) [34] leading to generation-dependent gauge couplings.
Here we attempt a more minimal route by explaining both the anomalies not by the gauge PS leptoquarks, but by the scalar ones. Since the coupling of scalar LQ to SM fermions is of Yukawa type, these are naturally flavour dependent without any model-building effort. By limiting oneself to chiral LQs (as suggested by the explanation of R K vs R K * assuming new physics in muons [17] ) the only possibilities are the representations in (4, 2, 1) ⊗ (4, 2, 1) plus their chiral partners:
(10, 3, 1), (10, 1, 1), (6, 3, 1), (6, 1, 1)
and their chiral partners. The 6 is a real representation of SU (4) LC and as a consequence the (3, 1) 1/3 within has both leptoquark (from its embedding in (6, 1, 1) ) and di-quark couplings (from (6, 1, 1) ≡ (6, 1, 1)), leading to unacceptable fast proton decay. The same holds for the (6, 3, 1).
As we saw in the previous section, the S 3 in (10, 3, 1) , which has left-handed couplings, is sufficient to explain the neutral-current anomalies at the scale Λ 31 TeV. It also contributes to R D ( * ) ; however, in order to explain the charged-current anomalies the scale for its contribution to b → cτ ν transitions needs to be Λ 3.4 TeV. The SU (2) L conjugate process b → sνν would then contribute to B → Kνν, and such a low scale is already excluded by the Belle experiment. Therefore, one could be tempted to also use the S 1 in (10, 1, 1 ) with left-handed couplings, analogously to what is done in Refs. [18, 19] , to give a negatively interfering contribution to B → Kνν, bringing this observable in agreement with the existing null results. This does not work in the Pati-Salam model because of the strict constraints posed by the gauge symmetry to the Yukawa couplings. In particular, the couplings of the (10, 1, 1) are antisymmetric in flavour space. Therefore, in order to explain the charged current anomaly while at the same time suppressing B → Kνν one needs to use large off-diagonal couplings between second and third generation fermions (and much smaller y 33 ). Thus, they would dominantly contribute to b → cτ ν µ , which is non-interfering with the SM, thus lowering the scale needed to explain R D ( * ) to Λ 0.8 TeV. Hence, the contribution of S 3 and S 1 must be at similar scales ≈ TeV, in order for the cancellation in B → Kνν to occur, thus leading to an unacceptably large contribution of S 3 to the SU (2) L conjugate transition b → sµτ , and therefore to B → Kµτ .
The only possibility left is to use S 3 ∈ (10, 3, 1) and its chiral partner S 1 ∈ (10, 1, 3), which has right-handed non-interfering couplings and therefore cannot be used to follow the strategy above. Nevertheless, in the next section we will show that the anomalies can be explained successfully by assuming that one of the right-handed neutrinos is light enough.
V. COMBINED EXPLANATION OF THE B-MESON ANOMALIES IN PATI-SALAM
As argued in the previous section, we consider the LQ S 3 ∈ (10, 3, 1) with left-handed couplings, and its chiral partner S 1 ∈ (10, 1, 3) with right-handed couplings. Their couplings are given in (12) and (13), and we take them to be real for simplicity. We assume parity, so that y L = y R ≡ y and V L V R , neglecting the extra phases in V R . We also assume that the couplings of the first generation are negligibly small, y 11 y 12 y 13 0, in order to satisfy the stringent limits involving first-generation fermions discussed in Sec. III. 4 The LQ S 3 contributes to ∆C 9 = −∆C 10 as given by Eq. (17) and can easily explain the neutral-current anomalies, while S 1 does not contribute. To explain also the charged-current anomaly, we need to use S 1 with its right-handed couplings and the transition b R → c R τ R N R . This contributes to R D ( * ) if (at least) one of the right-handed neutrino mass eigenstates is lighter than ∼ 100 MeV [20] [21] [22] [23] . We will denote this light neutrino mass eigenstate byN . Then, assuming that this eigenstate has maximal overlap with the second generation N R,2 , there is a CKM enhanced contribution to R D ( * ) :
withˆ = e, µ. The full expressions for this and the other relevant observables are given in Appendix B. The relevant transition in flavour space is b → cτ N 2 and its SU (2) R conjugate is b → sN 3 N 2 . The latter would naively give a too large contribution to B → Kνν, analogously to the discussion in the previous section; however, if we postulate that the mixing between the light eigenstateN and N 3 is small, a sufficient suppression is obtained. This is the key point of the combined explanation of the B-meson anomalies in the PS model with parity. Then, setting this mixing to zero we have
3.3 (95% C.L.) (26) which can be easily suppressed by y 22 . A small y 22 y 23 is also functional to explain the difference in scales of the new-physics effects in R K ( * ) and R D ( * ) , since the former depends on the flavour combination y 22 y 23 , as compared to y 23 y 23 .
If we allow for a small mixing (V † R U R ) 3N , the expression for R D ( * ) in (25) would be modi-
with little effect. Instead, in (26) we would have
, which can potentially increase significantly the new-physics contribution. A simple estimate obtained combining (25) and (26) 
0.04, implying a non-generic flavour structure in the right-handed neutrino sector. We will discuss the implications of this in Sec. V C. Notice, however, that this upper limit for the mixing is similar to the CKM one between 2nd and 3rd generations, and therefore this should not be considered a priori as a fine tuning more than the structure of the CKM matrix itself. For simplicity, in the fit we will set (V † R U R ) 3N = 0, (V † R U R ) 2N = 1 and keep in mind that a non-zero value of the former would shrink the allowed parameter space.
A. Fit of flavour observables
We perform a combined fit as detailed in App. B. In addition to the anomalies and B Kνν , we fit the LFUV in the first two generations as (non) observed in R µ/e D ( * ) and the LFV process B → Kµτ , which are generated at tree level. Moreover, we include several loop observables: the modifications to the Z couplings δg R τ τ , δg R µµ , and the LFV processes τ → µγ, τ → 3µ. One should keep in mind that loop observables can be affected by the other particles in the PS multiplets considered, for instance the other LQs and/or the di-leptons, in case these are light enough. Notice that ∆F = 2 We show the ∆χ 2 < 2.3 (1σ), 6.2 (2σ), 11.8 (3σ) regions in green, yellow, and blue, respectively, after marginalising over all other parameters. The star denotes the best-fit point. In the bottom-left panel we show the observed anomalous values for these observables. In the bottom-right one we also show prospects for Belle II for certain luminosities [55] .
processes such as B s ↔B s are small in our setup; this is one of the main virtues of explanations based on scalar LQs.
The results of the fit are given in Table II for the fixed value of M S 1 = 1 TeV. Clearly, the fit depends only weakly on the absolute mass scale (up to constraints imposed by perturbativity/unitarity), since the tree-level observables are the most constraining and these depend only on ratios of couplings and M S 1,3 . As visible in Table II the fit is very good and only has some minor pulls from the Z couplings.
We also show correlations between different parameters and observables in Fig. 3 . Note that the charged-current anomaly is fitted basically with zero tension. This is a quite remarkable result since it is often difficult to fit the large observed value even in the much-less restricted simplified models [18] . Note also that one does not need to switch on y 33 , although we did it for the sake of generality. Its inclusion does not improve the quality of the fit significantly. Finally, we stress that one of the phenomenological consequences of the model is the prediction of a large rate for the LFV process B → Kµτ , since the relevant transition b L → s L µ L τ L is the parity plus SU (2) L partner of the R D ( * ) one b R → c R N R,2 τ R (the former is mediated by S 3 , the latter by S 1 ). In particular,
is required to be orders of magnitude higher than in other constructions. This, together with the large rate predicted for B → Kνν is a smoking-gun phenomenological signature of our framework. As shown in Fig. 3 (bottom-right panel), Belle II [55] will test this model completely already with 5 ab −1 of data (with the assumption of parity). 
B. Collider phenomenology
The LQ S 1 needs to be rather light and can be searched for at the LHC. S 3 can also be searched for at colliders in the parameter region where it is light enough, but we do not study this possibility here and rather focus on S 1 . The most important processes are the ones that involve the SM gauge couplings and/or the LQ Yukawa coupling y 23 , which is required to be large to explain the B-meson anomalies. Hence, the most relevant searches are the ones for pp → τ ν, ννj and tµtµ. The first two processes are given by a t-channel exchange of S 1 in the transitions cb → τN , bb →NN , respectively (the latter accompanied by a jet to trigger on it), both proportional to (y 23 ) 2 for the CKM-unsuppressed channels. The limits for the τ ν final state are taken from the ATLAS analysis [56] . For the ννj channel we adapt the results of [23] , which recasts the CMS monojet search [57] . The most constraining channel is pp → S 1 S 1 → tµtµ, where the LQs are pair-produced by QCD interactions. The CMS collaboration has recently performed a dedicated search for LQs decaying into third-generation quarks [58] . However, they provide results only for LQs decaying into either tµ or bν, i.e. with BR(LQ → tµ) + BR(LQ → bν) = 1. In our model S 1 decays into tµ, cτ, bN approximately with the same probability. Therefore, we recast the CMS search in the following way: we extract the results of [58] along the line BR(LQ → tµ) = 1 and rescale the observed limit on the cross-section by the inverse of our BR(S 1 → tµ) 2 1/9. We invite the experimental collaborations to analyse more general situations where the total branching ratio is not fixed to 1, and ideally to include the cτ final state in the analysis. The relation BR(S 1 → tµ) BR(S 1 → cτ ) BR(S 1 → b invisible) is a smoking-gun signature of the PatiSalam model. We show existing bounds and future limits in Fig. 4 : the current bound on M S 1 is about 1 TeV. The LHC run III will cover the 1σ region, the high-luminosity LHC the entire parameter space that explains the B-meson anomalies.
C. Constraints on the UV structure of the model
The combined explanation of the anomalies poses constraints on the UV structure of the model, in particular regarding the PS breaking and right-handed neutrino mass generation. The successful explanation requires a right-handed neutrinoN lighter than ≈ 100 MeV, and therefore much lighter than the PS-breaking scale 1000 TeV. In the discussion above, where we assumed parity to maximize the predictivity of the model, we also require a non-generic mixing pattern (V †
04, at the level of the CKM one in the 2nd-3rd generation sector. First, it is important to stress that this latter requirement is present only if parity is assumed. If the left-and right-handed CKM matrices were largely misaligned, with V R,cb = O(1), one could explain the charged-current anomaly with an unsuppressed contribution:
which in turns implies a contribution to B Kνν as in (26), but with Yukawa couplings y R 33 y R 23 and, most importantly, suppressed by the mixing squared [(V † R U R ) 3N ] 2 . Therefore, in this case the mixing needs to be smaller than ≈ 0.2, which is not particularly constraining.
The lightness ofN , with O(1) couplings to S 1 , requires that δ 1 < O(100)MeV, if non-zero at all, and therefore this cannot be the only PS-breaking VEV. To show this, let us assume that δ 1 is the only source of masses for N R , so that Eq. (13) gives
for the right-handed neutrino mass matrix. The couplings of S 1 to the mass eigenstates N mass are then
Therefore, in order for the light eigenstateN to have O(1) couplings to S 1 its mass cannot be much smaller than δ 1 . It is not possible to explain both B-meson anomalies without assuming additional sources of right-handed neutrino masses, in addition to the VEV δ 1 , at some high scale.
Fortunately it is not difficult to extend the PS model in order to accommodate light righthanded neutrinos. Most importantly, whatever the mechanism is, its precise form is not expected to affect the explanation of the anomalies given above in this section, as long as it gives a light right-handed neutrino with suppressed mixing to the 3rd generation. For the sake of illustration, we now mention a couple of possibilities, although these should be considered only as toy examples. A detailed study of possible UV sectors goes beyond the scope of this paper.
A first possibility is to simply have a second scalar (10, 1, 3) that gets a high-scale VEV, for instance at the 10 12 GeV scale, but leaves one of the right-handed neutrinos very light, say 100 MeV. The light LQs relevant for the B-meson anomalies then have Yukawa couplings that are unrelated to the neutrino mass structure and thus allow for O(1) couplings of this light N R , leading precisely to the scenario fitted above. The large Dirac neutrino masses given by Eq. (7) would then give a too large active neutrino mass of order m 2 u /(100 MeV). This type-I contribution could be cancelled by a type-II contribution, which is clearly not well motivated. It is thus necessary to break the relation of Eq. (7) and suppress the Yukawa coupling of the light right-handed neutrino to the active neutrinos, for example by invoking φ 15 . One can then imagine that a Dirac mass O(keV) would be suppressed sufficiently by MN ∼ 100 MeV to generate sub-eV neutrino masses, giving a mixing angle sin θ = O(10 −5 ) betweenN and at least one left-handed neutrino, so thatN decays into 3ν in the early universe, with rate [59] 
well after Big-Bang nucleosynthesis, 5 but well before the decoupling of the cosmic microwave 5 Assuming also that it decouples non-relativistically from the thermal plasma, for instance being kept in equilibrium by the processNN ↔ ν3ν3, mediated by an O(10 TeV) admixture of the dileptons δ3 and δ1.
background (thus not contributing to dark matter then). The lightN can clearly lead to additional signatures, but generally unrelated to the B anomalies and thus severely model dependent [20] [21] [22] [23] .
A second, more radical, possibility is to get rid of the seesaw mechanism and change the neutrino mass generation. Following Ref. [37] one could break PS by a scalar (4, 1, 2) and introduce singlet fermions, thus realizing an inverse-seesaw scenario that in principle allows for large couplings of the lightN , and to lower the PS scale down to ∼ 1000 TeV, although in this latter case one needs to introduce also a mechanism to unify left and right gauge couplings at this scale (rather than at ∼ 10 12 TeV) in the parity-symmetric scenario. Notice that the issue of neutrino-mass generation (or better, suppression) is often ignored in solutions of the B-meson anomalies via the PS-inspired models discussed in Sec. IV. However, a first attempt in this direction has recently been given in Ref. [60] , for the model presented in Ref. [32] , along the lines discussed in this paragraph.
A full discussion of neutrino masses within PS needs to take the charged-fermion mass generation into account and must include effects of renormalization group running, which in turn depends on all potentially light particles such as the LQs. This is non-trivial even without attempting to resolve the B-meson anomalies and will therefore not be investigated here. At least qualitatively it seems that PS could indeed provide a consistent theory behind fermion masses and LFUV.
VI. CONCLUSION
Recent hints for lepton-flavour non-universality in various B-meson decays point towards new physics around the TeV scale. Combined explanations for R K ( * ) and R D ( * ) can be found most easily in leptoquark models, although these are usually ad-hoc extensions without any relations to other processes or structures. Interestingly, they could originate from models that lead to (partial) unification, such as SU (5) The anomaly in R K ( * ) can be easily addressed by assuming an S 3 LQ around 10 TeV. Within the Pati-Salam model the coupling structure is restricted to be symmetric and can furthermore be related to the type-II seesaw neutrino mass structure, leading to interesting predictions for the neutrino mass parameters. This leads to testable rates for muonic LFV.
Explaining also the anomaly in R D ( * ) requires one of the right-handed neutrinos to be sub-GeV, as well as an S 1 LQ around TeV. Pati-Salam once again heavily restricts the coupling structure, making it non-trivial to explain both R K ( * ) and R D ( * ) simultaneously. We have shown that one can obtain a near-perfect explanation for the anomalies despite the restricted couplings, leading again to highly testable predictions for processes such as B → Kνν and B → Kµτ , as well as direct collider searches. The connection to neutrino masses has to be sacrificed; it would be interesting to address it in an extension of the basic Pati-Salam model analyzed here, together with an UV sector of the model that gives rise to the required pattern of masses and mixing at the TeV scale and below. In this Appendix we give details about the fit performed in Sec. III and present the explicit form of the observables used.
For the purposes of the discussion in Sec. III, we are interested in the contribution of the LQ S 3 . Its contribution to the neutral-current anomalies is given by (17) . The relevant phenomenological constraints are given by observables involving first-generation fermions. In particular, the most stringent constraint is given by the LFV µ → e conversion in Au 197 79 nuclei [46, 65] :
with q, q = 1, 2, 3 being summed over, V p = 0.0974, and V n = 0.146. We also consider the LFV process µ → eγ,
as well as the LFV decay of the neutral kaon
Lepton-flavour conserving decays of K L to light leptons receive an SM contribution that is difficult to evaluate, and therefore we do not consider them. Other potentially large effects are expected in the R-ratios measuring LFUV in kaon and pion decays:
). Finally, we also consider the contribution to the kaon decay into pions and neutrinos, K → πνν: To incorporate the information given by experimental upper bounds in the fit, we smoothly penalize points in the parameter space that violate a bound by introducing an artificial likelihood
with the choice λ = 0.95, since the real likelihood is not provided by the experiments. In this way, points at the bound are penalized by −2 log L = 4, corresponding to 2σ in the χ 2 fit, whereas points well within the experimental bound do not receive any penalization.
For the observables, we use the values given in Table III . In principle, Eq. (A7) has been chosen to emulate 95% C.L. exclusion limits (∼ 2σ), whereas the experimental bounds in Tab. III are at 90% C.L.; we ignore this difference because the experimental bounds at these different C.L. are presumably very close to each other for these observables. In this Appendix we give details about the fit performed in Sec. V and give the explicit form of the observables used. We are interested in the contribution of the LQs S 3 and S 1 with left-and right-handed couplings, respectively. The couplings are taken to be real, and the ones to the first generation are considered to be negligible.
Only S 3 contributes to the neutral-current anomaly, as given by Eq. (17) . Instead, both of them contribute to the charged-current anomaly:
and
). The contribution of S 1 dominates, since it is significantly lighter than S 3 . We also consider the LFUV in the first two generations: 
with a ≡ 2π −6.4 αV L,ts V L,tb . Since the coupling y 23 needs to be relatively large to explain the anomalies, we have an enhanced contribution to the LFV decay [47] : BR(B → Kµτ ) 8.6 × 10
We also consider loop modifications of the Z-boson couplings to right-handed leptons, normalized as 
neglecting additional box diagrams [72] . Finally, we also consider the radiative LFV decay τ → µγ, 
again neglecting the contribution of S 3 .
For the observables, we use the values given in Table IV . We incorporate the information given by experimental upper bounds in the fit by means of the artificial likelihood (A7). Since this is meant to emulate 95% C.L. exclusion limits (∼ 2σ), we chose to convert naively the 90%C.L. bound for B Kνν given by Belle [68] , as 2.7 × (2σ/1.645σ) 3.28, in order to be conservative for this particularly constraining observable. We ignore this difference for the other observables. 
